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R1121DispatchesAnhydrobiosis: Drying Out with SugarThe disaccharide trehalose is a major determinant of desiccation tolerance via
unresolved mechanisms. A new study highlights a critical role for this chemical
chaperone in energy-independent maintenance of protein homeostasis during
extended periods of dehydration and relative metabolic inactivity.Kevin A. Morano
Among his other notable
accomplishments, Leeuwenhoek was
one of the first to document the
remarkable ability of dried bdelloid
rotifers to re-animate and spring back
to microscopic life after rehydration [1].
It has taken over three centuries to
provide an explanation for how they,
as well as a select group of
desiccation-tolerant creatures,
including the tardigrade (water bear),
the resurrection plant, brine shrimp,
nematodes and the budding yeast
Saccharomyces cerevisiae, achieve
this feat. Collectively labeled
‘anhydrobiotes’, these organisms can
endure the almost complete absence
of molecular water for extremely long
periods of time. This phenomenon
is also more commonly appreciated
in the seeds of flowering plants, which
in some cases have been made to
germinate 1,000 years after production.
How is this possible? Studies over
the last few decades have pointed to
the non-reducing disaccharide
trehalose as a likely protagonist [2].
Chemically, trehalose forms hydrogen
bonds with polar residues in proteins
and phospholipids in cell membranes,
and may therefore substitute for
water that normally comprises the
‘hydration shell’ surrounding
hydrophilic biomolecules. In addition,
the glycosidic bond connecting the
two glucose monomers in trehalose
is extremely stable, and trehalose
has the capacity to form a molecular
‘glass’ (also known as vitrification)
at biological temperatures.
Physiologically, high trehalose levels,
which can be up to 15–20% of cellular
dry weight, correlate with enhanced
desiccation tolerance [2]. The case
was strengthened by genetic analysis
in tractable model systems: loss of
the Caenorhabditis elegans trehalose
biosynthetic enzyme trehalose
6-phosphate synthase (TPS) anddepletion of yeast trehalose catabolic
enzymes (neutral and acid trehalases,
NTH1 and ATH1) led to a reduction
and an increase in dehydration and
desiccation tolerance, respectively
[3,4]. However, other studies provided
evidence that yeast cells lacking
trehalose synthase, and therefore
measurably deficient in trehalose
accumulation, exhibited only minor
reductions in survival after severe
dehydration [5,6]. In addition, other
cellular systems have been implicated
in desiccation tolerance: heat shock
proteins (HSP), the late embryogenesis
abundant (LEA) proteins from plants,
and the poorly understood small,
charged protein anhydrin [7]. How all
these factors are integrated into
organismal strategies to survive
desiccation is unknown. Additionally,
it is not clear which facets of cell
biology are most impacted by
desiccation, resulting in loss of
viability: loss of membrane integrity?
DNA, RNA or protein damage?
Oxidative stress? A new study by
Tapia and Koshland [8] in this issue of
Current Biology resolves several of
these issues in yeast.
Two developments feature
prominently in the new work. First,
using a quantitative colony-counting
assay, the authors achieve a detection
window for survivability of greater than
a million-fold, a significant increase in
dynamic range compared with
previous work. Second, they take into
account that conditions in the wild are
more severe than those encountered
by yeast in the lab: cells may remain
desiccated for months, rather than
days. Indeed, desiccation tolerance in
cells lacking the trehalose biosynthetic
enzyme TPS1 was found to drop by
only 40–50% in two days, over
1,000-fold in 30 days, and was
essentially abolished at six months of
continued desiccation, whereas
wild-type cells exhibited significant
survival [8]. Even more strikingly,genetic deletion of both trehalases
resulted in 100-fold enhancement of
tolerance relative to wild type. While
these effects are most pronounced in
stationary-phase cells, where trehalose
accumulation is naturally favored, the
authors also provide evidence that the
sugar enhances desiccation tolerance
of actively dividing cells. However,
another pro-survival factor, the protein
disaggregase Hsp104, also plays a role
in resistance to short-term desiccation.
Loss of either the TPS1 or the HSP104
gene alone had negligible effects after
only two days of dehydration, whereas
simultaneous loss of both by genetic
deletion reduced tolerance by almost
two orders of magnitude [8]. Strikingly,
in contrast to the dramatic loss of
tolerance exhibited by tps1D cells,
a strain lacking Hsp104 exhibited no
significant decline relative to wild type.
These results suggest that either
trehalose or Hsp104 can support
short-term tolerance to dehydration,
but only trehalose is capable of
promoting long-term survival.
While trehalose has been
demonstrated to stabilize both proteins
and cellular membranes, Hsp104 is
exclusively devoted to managing
protein homeostasis (‘proteostasis’)
via ATP-dependent unfolding and
extraction of polypeptides from
aggregates, leading the authors to
speculate that proteotoxic stress may
be the Achilles’ heel of desiccating cells
[9]. Support for this notion is provided
by two important experiments. The
highly labile proteostasis proxy enzyme
firefly luciferase was found to lose
90%ofmeasurable activity and convert
to an insoluble form after two days of
desiccation when expressed in yeast
[8]. Strikingly, this minimal residual
activity was abolished in tps1D
but not hsp104D cells. Furthermore,
propagation of one cytosolic and
one membrane-associated yeast
prion — infectious protein conformers
that rely on intact and functional
proteostasis machinery for
transmittance to daughter cells — was
greatly reduced after desiccation in
strains lacking trehalose [8]. Together,
these results strongly implicate a
toxic imbalance in proteostasis
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Figure 1. Synergistic roles of trehalose and Hsp104 in maintaining proteostasis.
Soluble proteins are surrounded by a layer of water molecules that interact with polar surface
residues. Loss of these waters through desiccation allows intermolecular non-polar
interactions to dominate, resulting in the formation of protein aggregates. Trehalose can
substitute for water during desiccation, preventing aggregation with no energy requirement
by maintaining a hydrophilic shield around individual proteins. Hsp104, in the presence of
ATP, can re-solubilize polypeptides from aggregates to be stabilized by water or trehalose.
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R1122as a key element in cell death due to
desiccation, and maintenance of
proteostasis as a critical determinant
of tolerance (Figure 1). This hypothesis
fits well with the obvious but perhaps
unappreciated reality that cells starved
of nutrients lack the ATP reserves
necessary to power the costly Hsp104
disaggregation machine, a hexameric
protein complex wherein each
monomer possesses two ATPase
domains [9]. Trehalose, once
accumulated by virtue of carbohydrate
reprogramming during the transition
from logarithmic growth to stationary
phase, is energetically neutral as a
chemical chaperone and can exert its
protein-stabilizing effects indefinitely,
from a theoretical perspective.
These findings also mesh well with
other genetic studies in C. elegans and
yeast that implicate growth-promoting
signal transduction modules (the
insulin-like growth factor receptor
DAF-2 in the worm, and the proteinkinase A (PKA) and target of rapamycin
(TOR) pathways in yeast) in negative
regulation of desiccation tolerance
[3,10]. Loss of any of the three
aforementioned activities greatly
enhances desiccation tolerance
and correlates with enhanced
trehalose accumulation through
alleviation of trehalose biosynthetic
gene repression. The NTH1 trehalase
enzyme is post-translationally
activated by PKA, which is in turn
activated by glucose availability;
therefore, as glucose levels drop during
normal growth in a fixed-nutrient
environment, trehalose synthesis is
increased while degradation is
concomitantly reduced. In fact, given
the prodigious cytoprotective powers
of trehalose, expression of at least
two different trehalases might seem
counterproductive to survival.
However, past in vitro studies
demonstrated that high levels of
trehalose actually inhibit productiveprotein refolding, suggesting that
cellular levels must be fine-tuned to
allow for the eventual replacement
of trehalose by water during
rehydration and resumption of
metabolic activity [11,12]. The fact
that elimination of trehalase activity in
cells subjected to six months of
desiccation leads to enhanced survival
also provides evidence for enzymatic,
if not metabolic, competence under
exceedingly dry conditions.
Aside from satisfying our fascination
with the seemingly magical ability of
anhydrobionts to enter and exit a
state of suspended animation,
elucidation of mechanisms of
desiccation tolerance has profound
practical implications. Annual global
production of S. cerevisiae for fuel
ethanol and food products, such as
frozen doughs, alcoholic beverages
and yeast extracts, is estimated to be
three million metric tonnes [13]. The
ability to enhance yeast survivability
and the biosynthetically useful lifespan
of yeast is germane to many of these
industrial-scale operations. In addition,
there is interest in applying lessons
learned from anhydrobiosis to
biomedicine. For example, some
success has been gained from using
trehalose to stabilize dried human
plasma that can be easily stored
and transported, then rehydrated for
immediate use [2].
Despite work documenting the
critical role trehalose appears to play
in desiccation tolerance, other factors
clearly contribute to anhydrobiosis,
especially in invertebrates. Indeed,
at least two species of the bdelloid
rotifers cited earlier appear to lack
the trehalose biosynthetic genes
(i.e., TPS1) and contain no detectable
trehalose, instead relying on LEA-type
proteins [14]. A genome-level
comparison of two closely related
species of midge — one being the
only known desiccation-tolerant insect,
the other being desiccation
intolerant — revealed the presence
of clusters of tolerance genes (cleverly
termed Anhydrobiosis-Related gene
Islands, or ARIds) encoding LEA
proteins, antioxidant proteins, and
trehalose metabolic enzymes [15].
Deciphering how these disparate
elements synergize with the
proteostasis and membrane
biosynthetic pathways will occupy
researchers for some time. Or, as
anhydrobiosis pioneer John Crowe
recently wrote regarding earlier
Dispatch
R1123speculation that desiccation tolerance
had essentially been explained:
‘‘Now it is clear that we were optimistic
in this conclusion, and that what we
had thought to be a simple solution is
not so simple at all’’ [2].References
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in CricketsA recent study of social recognition in crickets shows that decorated cricket
females use self-referenced recognition information in their choice of mates.
This allows the polyandrous females to choose novel, diverse mates.Michael D. Breed*
and Helen F. McCreery
Social recognition is a powerful tool
that allows animals to make important
decisions about affiliations, aid-giving
behavior, and mates. A key element of
social recognition is to gain information
about key individuals, or types of
individuals, in an animal’s social milieu.
One use for this information is to be
able to relate past social interactions
to current or future social
interactions. Another key use is to be
able to assess genetic similarity with
other animals as they are
encountered. In these contexts,
self-referencing — comparing
conspecifics’ phenotypes with one’s
own — is potentially important, but
is poorly understood. Self-referencing
may be especially useful for
assessing genetic similarity.
Self-Referencing in Mate Choice
A study by Capodeanu-Na¨gler et al. [1]
reported in this issue ofCurrent Biology
breaks new ground by providing
empirical support for self-referencing
in mate choice [2]. A commonmechanism for recognizing how similar
a conspecific is to oneself is phenotype
matching, which can occur either by
referencing the phenotypes of family
members or by referencing one’s self
[3–5]. Recognition by phenotype
matching [3–5] occurs when an animal
learns phenotypes — common modes
are vision, sound, or odor — and
applies that information to assess its
similarity with newly encountered
animals, which can coincide with
genealogical relatedness. Self-referent
phenotype matching occurs if an
animal uses its own phenotype as the
basis for its template.
Phenotype matching is not the only
way individuals can self-reference in
the context of social recognition. It is
possible to compare a conspecific’s
phenotype with ones own in real time,
without a template, using on-line
processing. On-line processing does
not require high-level integration of
sensory information, and is therefore
a simpler process than template
formation [3]. On-line processing is a
recently proposed and compelling
model for recognition that questions
the axiom that templates arenecessary. Self-referencing is difficult
to experimentally assess and requires
particularly shrewd designs for
convincing tests.
The few studies on self-referencing
in mate choice have focused on
immunocompatibility of potential
mates [6,7]. Decorated crickets
(Figure 1) present an interesting study
system to look at self-referencing in a
different context. Female decorated
crickets are polyandrous, and prefer
not to mate with males with whom they
have previously mated.
Cuticular Hydrocarbons as Mate
Choice Cues
Crickets use cuticular hydrocarbons
(CHCs) in mate choice decisions, and
because CHCs are transferred during
mating, they can assess whether they
have previously mated with a particular
male by self-referencing, by comparing
a male’s CHC profile with their own [8].
CHCs, which form the waxy or greasy
surface on an insect’s exoskeleton,
probably first evolved as
waterproofing, as did the analogous
waxy cuticle of plant leaves. Individuals
of any given insect species have a
mixture of a few to dozens of such
compounds on their surface. The blend
is typically species-specific but
variation often exists among
individuals. This variation carries
information about sex, mating status,
age, and familymembership. Obviously
much of this information is potentially
useful in choosing mates.
